The dynamical content of ρN N and ρN ∆ vertex functions is studied with a mesonic model. A set of coupled integral equations satisfied by these vertex functions were solved self-consistently. These solutions indicate that the dominant mesonic content arises from di-pion dynamics. With the experimentally determined pion-baryon-baryon coupling constants and ranges as input, the model predicts a g ρN N that agrees with the meson-exchange-potential results. On the other hand, it predicts a smaller f ρN ∆ and much softer form factors. Implications of the findings on the use of phenomenological coupling constants in nuclear reaction studies are discussed.
Meson-exchange theories have been very successful in describing nuclear phenomena in the region of low and intermediate momentum transfers, where practical methods for solving non-perturbative QCD are yet to be fully developed. Within the framework of the meson-exchange theory, understanding the dynamics associated with the ρNN and ρN∆ vertices is a subject of great interest. It is well known that ρ-exchange gives rise to a nucleonnucleon (NN) tensor force which has a sign opposite to that arising from the exchange of π. The partial cancellation between these tensor forces makes it indispensable to include ρ in the hadronic description of nuclei and nuclear matter. The important role of ρ in nuclear structure has further motivated the study of its role in nuclear reactions. Studying the ρ is, however, complicated by the fact that, unlike πN → ∆, the ρN → N and ρN → ∆ processes do not occur in free space. Consequently, information on these reactions were mainly obtained from fitting NN phase shifts with the use of meson-exchange potentials (MEP). It is, therefore, quite likely that the MEP parameters may have to be modified for studying processes other than NN scattering. Indeed, analyses of deep inelastic scattering data indicate that the range of a pion monopole form factor cannot exceed 650 MeV. [1] [2] This upper limit is nearly a factor of two smaller than the MEP ranges. Smaller ranges have also been predicted as a necessary outcome of the boson nature of the pion. [3] A recent study of the p(p, n)∆ ++ reaction has shown that the inclusion of ρ-exchange mechanisms actually worsens the fit. [4] This disagreement raises the interesting question as to what are the appropriate ρ-meson parameters to be used in meson production. These developments have motivated us to carry out a detailed analysis of the ρNN and ρN∆ vertices by means of a dynamical model that does not treat the rho-baryon-baryon (ρBB ′ ) processes as contact interactions. The main goal of our study is to identify important dynamical contents of the phenomenological coupling constants.
Our model for the ρNN vertex is illustrated in fig.1 , where the wavy, dashed, thin, and thick lines denote, respectively, the ρ, π, N, and ∆. The initial and final nucleons are to the equation
where F ρa;c denotes the ρa → c vertex function. A similar notation applies to the other vertex fig.1 . We have solved the coupled equations by iteration, and a convergence was obtained after five iterations. In principle, one should also include the ρ-loop corrections of the vertices. Because M ρ >> M π , these corrections will be much less important than the π-loop corrections which, as we shall see, are quite small. They were thus neglected in our calculations.
It is worth noting that diagrams similar to ours have recently been considered in ref. [5] .
We emphasize, however, that there exist important differences between the analysis in ref. [5] and ours. In ref.
[5] the leading contributor was assumed to be the phenomenological threebranch ρNN vertex while the triangle and loop diagrams were considered as corrections and treated perturbatively. Moreover, phenomenological MEP ρBB ′ coupling constants were used as inputs and no coupled equations were solved. As such, it is equivalent to evaluating only first-order corrections to the MEP ρNN coupling constant. Consequently, the calculation does not address the dynamics leading to the phenomenological coupling constants. In contrast, the analysis presented in this paper considers the triangle diagrams as the driving terms and the loop diagrams as corrections. By solving the coupled equations, the ρBB ′ coupling constants and ranges are obtained as the self-consistent solutions of the model considered. Hence, these solutions contain valuable information on the dynamical content of the coupling constants.
We used the following partial-wave decomposition for the ρBB ′ vertex functions:
with the radial vertex function F parametrized by
The p i (i = ρ, a, c) denote the four-momenta of the i th particle, and p i is its spatial part; p denotes the magnitude of the relative momentum between ρ and a, and w c is the invariant mass of c. The two Clebsch-Gordan coefficients specify, respectively, the isospin and angular momentum coupling schemes with I and J denoting the isospin and spin of the particles, and t, ν their z-components. The vertex function F is a scalar and depends on two independent four-momenta which can be chosen as p ρ + p a and p ρ − p a . It is convenient to work in the ρ − a c.m. system where the external four-momenta have the simple expressions
, and p c = (w c , 0). Clearly, w c = a 0 + ρ 0 . From the two independent four-momenta one can form three independent invariant scalars. We will put the baryon a on the mass shell so that
Consequently, F will depend only on two independent variables which we choose as w c (≡ w) and p(≡| p |).
Because the parametrization used in Eq. (3) is not the most general one, we should expect G and Λ to depend on w. This w-dependence has important physical consequences and will be discussed later. In the literature, vertex functions have often been made to depend only on one variable. We emphasize that the one-variable dependence is exact only when two of the three particles are on their mass shells.
Parity conservation limits the values of orbital angular momentum in Eq.(2) to L = 1 for ρN → N and ρN → ∆, and to L = 1 and 3 for ρ∆ → N and ρ∆ → ∆. As the Lagrangian models in the literature consider only L = 1, we shall solve the coupled equations in the p-wave channel and omit, henceforth, the index L of G and v. Parity conservation also limits the ρ → ππ, πN → N, πN → ∆, and π∆ → N processes to relative p-wave interactions alone. On the other hand, π∆ → ∆ can have both p-and f-wave interactions. Again, only the p-wave interactions will be retained in the calculations in order to make a close connection to the Lagrangian models. The ρππ vertex function is parametrized as
where
2 with r ≡ 1/Λ ρππ , and k =| k | is the ππ relative momentum. The π 1 ab vertex function is parametrized by
where Upon introducing Eqs. (3)- (5) into Eq. (1) and projecting out the (L = 1) angular momentum dependence, we obtain a set of four coupled equations for v.
One should note that the value of a coupling constant depends on the parametrization convention of a theory. It is, therefore, useful to relate the G's of the present partial-wave formalism to the coupling constants of other works. To this end, we have used the Smatrix convention of ref. [6] . In relation to the Lagrangian model and the parametrization employed in ref. [7] , we obtain G πN N = (3/2π 2 )f πN N and
∆ )g π∆∆ and g π∆∆ is the axial-vector coupling constant defined in ref. [8] . With respect to the parametrization in ref. [9] , G ρππ / 2M ρ = g ρππ and G π∆∆ = (15/4)f π∆∆ / √ 6π 2 . Hence, f π∆∆ = (2/3)f ′ π∆∆ . In addition, f πN ∆ and g ρππ can be directly related to the experimental widths of ∆ and ρ.
The G ρBB ′ can also be readily related to the f 's and g's defined in the Lagrangian formalism. Upon expressing the matrix elements < B ′ | H ρBB ′ | ρB > of the Lagrangian model in a partial-wave representation and equating them to Eq. (3), we obtain at
where Gv has the dimension of inverse mass, and κ ρ ≡ (f /g) ρN N . The u denotes the specific form factor employed in the Lagrangian model, which varies from one published work to another. Using these two equations, one can make a straightforward comparison between the di-pion and the MEP results. Our calculation gives the sum (f + g) ρN N . A knowledge of κ ρ from the analysis of the nucleon electromagnetic form factor can be used to determine f and g separately.
For the calculation, the values g ρππ = 0.6684M
and Λ πN N = Λ πN ∆ = 950 MeV(≡ Λ (2) ) were used. The ρππ parameters fit the ππ phase shifts. [9] The value of the dipole range Λ (2) is taken from ref. [2] . It corresponds to a monopole range Λ (1) = 0.644 × 950 = 612 MeV, which is nearly half of the MEP pion monopole range of 1.2 GeV. [7] [10] For the other parameters, we used the following sets: (a) f πN ∆ = 1.69 (ref. [7] ), f π∆∆ = 0.8 (ref. [9] ), Λ π∆∆ = Λ . These lower and upper limits are, respectively, the results of refs. [5] and [7] . An inspection of Table 1 shows that with the inclusion of N * , sets (b) and (c) lead to a g ρN N that is very close to the MEP values. In fact, a good agreement has been obtained when we used f πN N * given by the experimental upper bound of Γ N * (πN ) . While parameters of set (a) give a real part of f ρN ∆ that is smaller than the lower limit of the MEP values by a factor of ∼ 2.5, the use of f πN ∆ and f π∆∆ derived directly from the data (set (b)) brings the difference down to within 40%. Use of a large Λ π∆∆ (set (c)) makes the real part of f πN ∆ agree with the MEP values. However, in view of the deep inelastic scattering data on the upper limit of Λ πN N and Λ πN ∆ , the large Λ π∆∆ of set (c) may be questionable. Consequently, we consider the results due to set (b) as being more realistic. Our results also indicate that the contribution by N * is small. At this point, a comment on the complex nature of f ρN ∆ is in order. As pointed out after Eq.(3), the coupling constants can be energy-dependent. An important feature of the di-pion model is that f πN ∆ becomes complex-valued at w > M π + M N ≡ w th . The f ρN ∆ of Table 1 were calculated at w = M ∆ > w th , where the πN channel is open, thereby, giving rise to
The energy dependence of the real and imaginary parts of the ρN∆ form factor at p=0 are shown, respectively, as the solid and dashed curves in fig.2 , where we have defined H(w, p) ≡ (Gv)(w, p). We have further examined the four-pion content of the vertex functions by adding the ρ → ωπ mechanism into the triangle diagrams. Using parameters of set (b) together with g ωρπ M ω =9.71 (ref. [13] ), g ωN N =11.54 (ref. [7] ), and assuming the relation g ω∆∆ /g ωN N = g π∆∆ /g πN N in our calculations, we have found that contributions from four-pion dynamics are negligible because M ω ≫ M π . Although diagrams having more than three subvertices could in principle also contribute, they tend to be unimportant because more are the particle propagators less is the interaction probability. It is, however, worth recalling that while both the L = 1 and 3 interactions can contribute to the π∆∆ process, only the L = 1 case is considered in this and other works. Although inclusion of the L = 3 interaction can be easily implemented in the present formalism, experimental information on this f-wave coupling is sparse and uncertain. If one can establish experimentally that the f-wave coupling constant is not too small, then it could make a sizable contribution because the f-wave vertex function is ∝ q 3 and q is an integration variable that extends to very large values. there is no compelling need for introducing non-hadronic dynamics. We stress, however, that MEP theory will become impractical at very high energies because the exchange of many heavy mesons has to be included in order to produce the correct energy dependence of the NN cross section. Furthermore, the theory will be deficient because the quark substructure of the hadrons will start to manifest. We also stress that while it is a good approximation to employ real-valued vertex functions in analyzing NN scattering below the pion production threshold, [7] [10] the situation is different in meson production experiments where the energy w th can be surpassed. Thus, using real-valued vertex functions is questionable. We believe that a nonvanishing imaginary part of the form factor can give new interference effects in nuclear reaction calculations. This aspect of the meson-exchange dynamics merits a systematic investigation in the future.
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